One sentence summary: EheA is a novel bacterial source thermostable HNH superfamily endonuclease belonging to the second subfamily. Editor: Sylvie Rimsky
INTRODUCTION
A nuclease is a phosphodiesterase that cleaves phosphodiester bonds in the nucleic acid and plays important roles in the life of the cell. Nucleases could be divided into DNase, RNase and non-sugar specific nuclease according to the substrate preference; they may be divided into exo-and endonucleases according to whether a 5 or 3 end is required for substrate recognition; they could also be divided into metal-independent nuclease and metal-ion-dependent nuclease. Mg 2+ is the most frequently used divalent ion in the metal-iron-dependent nuclease (Yang 2011) . HNH superfamily endonucleases are typical metal-irondependent nucleases with a highly conserved HNH-motif in the active site. The HNH superfamily endonucleases are usually encoded by introns, inteins and in freestanding form between genes (Belfort and Roberts 1997) . Within the consecutive ββα structures, the first H is an invariable His in HNH motif at the end of the first β-strand acting as the general base to activate the water molecule which attacks the DNA backbone (Yang 2011) , the N is responsible for the correct positioning of the two β-strands, and the last H is involved in metal binding (Pediaditakis, Kaufenstein and Graumann 2012) . These HNH motif containing proteins have been demonstrated to have endonuclease activity, such as site-specific homing endonucleases (Stoddard 2005) , colicins (Pommer et al. 1998) , soluble pyocins (Michel-Briand and Baysse 2002) , restriction enzymes (Saravanan et al. 2004 ) and bacterial factors involved in developmentally controlled DNA rearrangements (Chak, Kuo and James 1991) . The HNH family could be subdivided into at least eight subfamilies. The second subfamily used a N to substitute the last H in the protein sequence, and most proteins of this subfamily are phage proteins and intron-encoded site-specific endonucleases (Mehta, Katta and Krishnaswamy 2004; Marcaida et al. 2010) .
The genus Exiguobacterium was first described in 1983 by Collins et al. (1983) . Although many Exiguobacterium species have been reported to secrete extracellular nuclease (Vishnivetskaya, Kathariou and Tiedje 2009) , the previous work had only shown that DNase activities were dependent on the temperatures of their hosts or environment, little is available on the genetic information or the detail characteristic studies of these DNase.
In this study, a bacterium strain with extracellular thermostable DNase was isolated and identified as Exiguobacterium sp. yc3. This DNase was purified and determined as a novel HNH endonuclease using biochemical and molecular biological methods.
MATERIAL AND METHODS

Bacterial strains, plasmids and cultural conditions
Exiguobacterium sp. yc3 (CGMCC 1.15097) was grown at 28
• C in Luria-Bertani (LB) broth (1.0% tryptone, 0.5% yeast extract and 1.0% NaCl, pH 7.0). Escherichia coli strains were grown at 37
• C in LB broth. In some cultures, kanamycin (30 μg ml −1 ) was added to the medium for the selection of the pET24b, pET28a, pET28a-MBP/pET28a-MBP-tev and their derived plasmids. Strains and plasmids used in this study are shown in Table S1 (Supporting Information).
Bacteria isolation and characterization
Strain yc3 was isolated from the Changjiang River at Yichang, Hubei Province of China in March 2013. The physiologicalbiochemical characteristics of the strain were tested as described by Rodrigues et al. (Chaturvedi et al. 2008) . The 16S rDNA of yc3 was amplified and sequenced by BGI Tech at Shenzhen, China. Multiple alignment of the sequence was performed using the ClustalW program (Thompson, Gibson and Higgins 2002) .
Protein purification and determination
Culture supernatant of yc3 was collected, and a series of protein purification procedures, including ammonium sulfate precipitation, hydrophobic chromatography, anion exchange chromatography and cation exchange chromatography were applied to purify the putative DNase. The detailed procedures are described in the Supporting Information. DNase activity was monitored at each step during the purification. The purity of DNase was analyzed by 15% SDS-PAGE and the protein band was then cut off from the gel and analyzed by ultrafleXtreme MALDI-TOF/TOF mass spectrometer (Bruker Doltonics). Database searches and identification work were carried out by using BLAST, MASCOT and SignalP (Altschul et al. 1990; Cottrell and London 1999; Bendtsen et al. 2004) . 
DNase activity assay
To measure the DNase activity, 0.5 μg purified protein was incubated in 50 μl reaction buffer (50 mM Tris-HCl pH 8.0, 2 mM MgCl 2 ) containing chromosomal DNA of E. coli DH5α or plasmid pET28a DNA as substrate. Reaction was stopped by adding 10X loading buffer (Takara) and visualized by electrophoresis of 1% agarose gel.
To check the effect of divalent cations on the DNase activity, 2 mM Ni 2+ , Cu 2+ , Ca 2+ , Mn 2+ , Co 2+ and Zn 2+ were used to replace the Mg 2+ respectively in the reaction buffer. The effect of pH on the DNase activity was performed with the reaction buffer at the pH from 3.0 to 10.0 with appropriate buffer, respectively (Na-Citrate, pH 3.0-4.0; Bis-tris, pH 5.0-6.0; Tris-HCl, pH 7.0-9.0; Gly-NaOH, pH 10.0). The optimum reaction temperature of the DNase was determined at 4 to 90
• C, respectively. The thermostability of DNase was determined with the pretreated DNase at the temperatures of 4 to 90 • C, respectively, for 10 mins.
Gene cloning and mutant construction
The complete gene of the DNase, the genes of the mature DNase and the mutants H116A, N141A and N156A were amplified by the primers listed in Table S2 (Supporting Information), respectively. The mature and the mutants DNase genes were then ligated into different expression vectors to generate the expression plasmids pET28a-eheA, pMBP-eheA, pMBP-tev-eheA, pMBP-tev-H116A, pMBP-tev-N141A and pMBP-tev-N156A, respectively.
Expression and purification of recombinant DNase from yc3
Different expression plasmids were transformed into E. coli C43 (DE3) respectively for the proteins expression. After induced with 0.5 mM isopropyl-β-d-thiogalactoside for 3 h, different cells were collected by centrifuging at 8000 g for 5 mins and lysed by sonication in 20 mM Tris-HCl (pH 7.4), 0.5 mM EDTA, 200 mM NaCl and 2 M urea at 4
• C. The supernatant of the lysate was then purified by a 4 ml Amylose Resin (New England BioLabs) column and a 0.5 ml nickel-chelate affinity resin column sequentially and respectively. For the TEV cleaved recombinant proteins, the above purified fusion proteins were then incubated with TEV protease at a ratio of 1:3 in 50 mM Tris-HCl (pH 8.0), 1 mM EDTA overnight at 4
• C and purified by a nickel-chelate affinity resin column, respectively.
RESULTS AND DISCUSSION
Isolation and characterization of strain yc3
An orange colony with thermostable DNase activity was selected and named as yc3. The cells are Gram-positive and rod shaped. It is positive in tests for casein and starch hydrolysis, negative for nitrate reduction. Acid is produced from D-fructose, galactose, mannitol, sucrose and trehalose, but not from ribose, cellobiose, raffinose and melibiose. The 16S rDNA gene sequence of strain yc3 is 1485 bp (GenBank Accession Number KP406151) and phylogenetic trees were constructed and shown in Fig. 1 
Purification of a putative DNase from Exiguobacterium sp. yc3
After a series of purification procedures, a 20 kDa protein was finally purified to homogenous from the culture supernatant ( Fig. 2A) . Activity assays showed that the purified protein digested both linear and circular plasmid DNA when 2 mM Mg 2+ was present in the reaction mixture, but did not digest the RNA substrate ( Fig. 2B and C) . These results suggest that the purified protein is a metal-ion-dependent DNase and has at least endonuclease activity because it could digest circular DNA. (Fig. 3A) .
The effect of pH on the DNase activity was determined at a pH range of 3-10 by using the appropriate buffer. The DNase is active in a board pH range from 5 to 10, and the optimum pH range for the DNase activity is from 6 to 9 (Fig. 3B) .
The effect of temperature on the putative DNase was also measured. The putative DNase showed relative high activity at a range from 4 to 70
• C with an optimum temperature from 28 to 37
• C (Fig. 3C) . The thermostability assay showed that the enzyme is very stable at 4-50 • C, the pretreatments above 50
• C had some effects on the DNase activity, but the enzyme still exhibited relative high digestion efficiency after the pretreatment at 90
• C (Fig. 3D) . These results indicate that the putative DNase is thermostable.
Sequence analysis showed that the DNase from Exiguobacterium sp. yc3 belongs to the HNH endonuclease superfamily
The 20 kDa putative DNase was then sequenced by mass spectrometry. The Mascot peptide fragments search result showed that the matching peptide fragments accounted for 17% (37/210) of the amino acid sequences of a secreted protein from E. sibiricum 255-15. As the function of the secreted protein was not assigned in E. sibiricum 255-15, recombinant protein is needed for further demonstration of its DNase activity. To amplify the gene encoding the putative DNase, degenerate primers were then designed according to the result of nucleotide sequences alignment (details are described in the Supporting Information). The gene of the putative DNase was successfully amplified. Sequence analysis showed that the amplified gene was 630 bp long (GenBank Accession Number AJK28734) and encoded a protein of 210 amino acids residues with a 28 aa signal peptide sequence at the N terminus. Further protein BLAST result revealed that the putative DNase belonged to HNH nuclease superfamily. This putative DNase was then designated EheA (Exiguobacterium HNH Endonuclease) in this study.
The purified recombinant EheA shows thermostable DNase property
To express the EheA in vitro, initially the mature EheA gene was directly cloned into a pET28a expression vector, but no recombinant product was observed. As MBP is a very useful molecular chaperone to help the recombinant proteins correct folding and enhance the solubility of the passenger proteins, an expression plasmid pMBP-eheA was constructed, and the recombinant MBP fusion protein MBP-EheA was achieved (Fig. 4A) . The result showed that the purified MBP-EheA has some DNase activity but not thermostable (Fig. 4B) . However, compared with the control protein MBP-PigE (a transaminase from Serratia sp. FS14, Fig. 4C ), the DNase activity of the MBP-EheA was still obvious. This indicated that the DNase activity indeed came from EheA.
To eliminate the possible effect of the MBP tag, a construct with a TEV cleavage site between MBP and EheA genes was then generated. The mature recombinant EheA was purified to homogenous after removing MBP tag using TEV protease (Fig. 4D) . The DNase assays showed that the characteristics of the mature recombinant EheA were essentially consistent with that of the native EheA isolated from the culture supernatant. This further confirms that EheA is a thermostable DNase (Figs 3A-D and 4E-H). Thermostable enzymes are widely used in many fields, as EheA could be easily obtained and has a high thermostable DNase activity, it may have a promising future in many application fields.
EheA may belong to the second subfamily of the HNH superfamily
The BLAST search of the homologs of EheA showed that EheA belongs to the HNH superfamily endonuclease and with a putative HNH motif at the C terminus (residue 73-204). However, EheA shares very low sequence identity (<13%) with the function known as HNH endonucleases, including the bacterial source HNH endonucleases colicin E7, E9 and restriction endonuclease KpnI. Moreover, no putative conserved domains besides the HNH motif has been detected in EheA, such as DNA binding domain AP2 (APETALA2 domain), IENR1 domain (Intron encoded nuclease repeat domain) (Mehta, Katta and Krishnaswamy 2004) and NUMODs (nuclease associated modular DNA-binding domains) (Sitbon and Pietrokovski 2003) . Further protein sequence analysis of EheA revealed that there are only two His residues and eight Asn residues in the protein. To identify the active site, protein sequence alignment of EheA with the 500 top score homologs was performed. The result showed that among these residues, the H116, N141 and N156 are completely conserved (Fig. 5A , detailed sequence BLAST of EheA against the 500 top score targets is listed in Fig. S1 , Supporting Information).
Previous studies had shown that the proteins in the second subfamily of HNH superfamily usually use a conserved Asn residue to substitute the second His residue and forms a HNN motif (Mehta, Katta and Krishnaswamy 2004) . To check whether these conserved residues constitute the HNN motif, site-directed single mutants of these residues were constructed respectively. The results showed that all purified mutant proteins lost their DNase activity, none of them could digest the DNA any more (Fig. 5B) . These results indicate that the H116, N141 and N156 are essential for the DNase activity and suggest that EheA may be classified into the second subfamily of the HNH superfamily which has a conserved HNN motif from residues H116 to N156 (Fig. 5C ). As most proteins in the second subfamily of the HNH endonuclease family are phage proteins or intron-encoded site-specific endonucleases (Mehta, 
EheA homologs are universally conserved in the genome of Exiguobacterium species
To the best of our knowledge, this is the first report for the isolation and characterization of a DNase from the supernatant of Exiguobacterium genus. To check whether EheA is only present in our yc3 strain or also in other strains of Exiguobacterium genus, we then searched for the homologs of the EheA in the genomes of all 16 genome-sequenced Exiguobacterium strains (Table S3 , Supporting Information) documented in GenBank, and found that all these strains contain a EheA homolog which shares sequence identities from 72 to 99%, and could be divided into 2 distinct subfamilies (Fig. 6 ). This classification is in accordance with the classification of Exiguobacterium strains mentioned by Vishnivetskaya through 16S rDNA and PFGE I-CeuI restriction patterns (Vishnivetskaya, Kathariou and Tiedje 2009 Nucleases are essential for the life cycle of bacteria. The nuclease in the cell could ensure the process of nucleic acid's replication, repair and homologous recombination, etc. (Yang 2011) ; the secreted nuclease could not only degrade extracellular DNA to provide nutrition for the cell, but also help bacteria escape from the host neutrophil extracellular traps (NETs) by breaking down the NET scaffold DNA (Morita et al. 2014) or help bacteria fight against other species or the same species by killing the non-immune cells by colicin or S pyocin (Michel-Briand and Baysse 2002) . We searched the upstream and downstream sequences of the EheA homologues in the sequenced genomes of known Exiguobacterium species, unfortunately, these sequences encode hypothetical proteins. Since EheA is a secreted DNase, we think that EheA may help the bacteria digest DNAs in the living environment for getting the nutrition, or help the Exiguobacterium species compete with other microbes through some transporting systems to kill the competitors and survive in the environment.
In conclusion, a novel thermostable DNase EheA from Exiguobacterium sp. yc3 was purified and identified; EheA may belong to the second subfamily of HNH endonuclease superfamily. This finding has expanded the understanding of HNH endonuclease superfamily because it is the first experimental report of DNase from bacterial source belonging to the second subfamily of HNH endonuclease. And as a thermostable DNase, EheA may also have promising applications in many fields.
